A phylogenetic analysis by parsimony of 16S rRNA gene sequences (16S rDNA) revealed that species and subspecies of Clavibacter and Rathayibacter form a discrete monophyletic clade, paraphyletic to Corynebacterium species. Within the Clavibacter-Rathayibacter clade, four major phylogenetic groups (subclades) with a total of 10 distinct taxa were recognized: (I) species C. michiganensis; (II) species C. xyli; (III) species R. iranicus and R. tritici; and (IV) species R. rathayi. The first three groups form a monophyletic cluster, paraphyletic to R. rathayi. On the basis of the phylogeny inferred, reclassification of members of Clavibacter-Rathayibacter group is proposed. A system for classification of taxa in Clavibacter and Rathayibacter was developed based on restriction fragment length polymorphism (RFLP) analysis of the PCR-amplified 16S rDNA sequences. The groups delineated on the basis of RFLP patterns of 16S rDNA coincided well with the subclades delineated on the basis of phylogeny. In contrast to previous classification systems, which are based primarily on phenotypic properties and are laborious, the RFLP analyses allow for rapid differentiation among species and subspecies in the two genera.
A phylogenetic analysis by parsimony of 16S rRNA gene sequences (16S rDNA) revealed that species and subspecies of Clavibacter and Rathayibacter form a discrete monophyletic clade, paraphyletic to Corynebacterium species. Within the Clavibacter-Rathayibacter clade, four major phylogenetic groups (subclades) with a total of 10 distinct taxa were recognized: (I) species C. michiganensis; (II) species C. xyli; (III) species R. iranicus and R. tritici; and (IV) species R. rathayi. The first three groups form a monophyletic cluster, paraphyletic to R. rathayi. On the basis of the phylogeny inferred, reclassification of members of Clavibacter-Rathayibacter group is proposed. A system for classification of taxa in Clavibacter and Rathayibacter was developed based on restriction fragment length polymorphism (RFLP) analysis of the PCR-amplified 16S rDNA sequences. The groups delineated on the basis of RFLP patterns of 16S rDNA coincided well with the subclades delineated on the basis of phylogeny. In contrast to previous classification systems, which are based primarily on phenotypic properties and are laborious, the RFLP analyses allow for rapid differentiation among species and subspecies in the two genera.
On the basis of cell wall composition, Davis et al. (5) proposed that the genus Clavibacter comprises five species and several subspecies of coryneform phytopathogenic bacteria which contain 2,4-diaminobutyric acid. Recently, based on additional phenotypic markers, including menaquinone-type markers and others, these phytopathogenic coryneform bacteria have been reclassified into two genera, Clavibacter and Rathayibacter (3, 5, 23) . Phenotypic criteria such as cell wall components, pigmentation of cell culture, and selected physiological features have been widely applied to differentiate coryneform genera and distinguish among species or subspecies of Clavibacter and Rathayibacter. These procedures often are laborious and sometimes yield inconsistent results.
Analysis of 16S rRNA (or rDNA) sequences has been widely used to investigate phylogenetic relationships between microorganisms (4, 6, 8, 12, 14, 15, 21, 22) . The phylogenetic relationships established have formed a reliable basis for classification of these microorganisms (6, 12, 14, 21, 22) . The use of 16S rRNA sequences as taxonomic tools has proven to be very useful and reliable in classification of microorganisms including those that cannot be cultured.
The objective of this study was to develop a classification system based on 16S rDNA sequence analyses. Analysis of rRNA gene sequences has often been carried out through direct sequencing, but it can also be accomplished by restriction fragment length polymorphism (RFLP) study of 16S rDNA sequences with sufficient restriction enzymes (6, 11) . In this study, RFLP analysis of PCR-amplified 16S rDNA sequences was used to differentiate species and subspecies of Clavibacter and Rathayibacter into groups and subgroups. This classification system, in contrast to traditional systems based on phenotypic properties, is phylogenetically valid and can be used to rapidly classify and identify the species and subspecies in the genus Clavibacter and the closely related coryneform genus, Rathayibacter.
(Preliminary reports on these studies were presented previously [9, 10] .) Phylogenetic analysis. CBR16F2-CBR16R2 PCR products (about 1.3-kb 16S rDNA fragments) were isolated from a 1% agarose gel, purified by the crushand-soak method (17) , and sequenced with an automatic sequencer (Applied Biotechnology, Inc.). Six forward and five reverse primers were used for sequencing. The oligonucleotide sequences of these primers are as follows: (i) CBR16F4, 5Ј-tga tgc agc aac gcc gcg tga g-3Ј; (ii) CBR16F5, 5Ј-att ggg cgt aaa gag ctc gta gg-3Ј; (iii) CBR16F6, 5Ј-cag gag gaa cac cga tgg cga agg c-3Ј; (iv) CBR16F7, 5Ј-act caa agg aat tga cgg ggg c-3Ј; (v) CBR16F8, 5Ј-cgt gtc gtg aga tgt tgg gtt aag-3Ј; (vi) CBR16F9, 5Ј-agg tgg agc gaa tcc caa aaa gcc g-3Ј; (vii) CBR16R3, 5Ј-cat gat gat ttg acg tca tcc cca c-3Ј; (viii) CBR16R4, 5Ј-gcc ttg gta agg ttc ttc gcg ttg c-3Ј; (ix) CBR16R5, 5Ј-caa cgt tta cgg cat gga cta c-3Ј; (x) CBR16R6, 5Ј-gca ctc tag tct gcc cgt acc cac t-3Ј; and (xi) CBR16R7, 5Ј-att ccc cac tgc tgc ctc ccg ta-3Ј. DNA from six species and subspecies were sequenced in this study, and the assigned GenBank accession numbers are as follows: C. michiganensis subsp. ). If necessary, the sequences were visually inspected for logical placement of gaps and manually adjusted. Cladistic analyses were performed on a Power Macintosh model 8100 with the computer program PAUP (phylogenetic analysis using parsimony), version 3.1, written by D. L. Swofford (University of Illinois). Uninformative characters were excluded from analyses. A phylogenetic tree was constructed by a branch-and-bound search via stepwise addition to find the optimal phylogenetic tree(s). Abiotrophia defectiva (Streptococcus defectivus), which is phylogenetically distant from the Clavibacter-Rathayibacter group, was designated the outgroup to root the tree.
RFLP analyses of PCR products. 16S rDNA sequences from 24 representative species and subspecies in the genera Clavibacter and Rathayibacter were amplified by nested PCR with the 16S rDNA primer pair R16F0 (5Ј-ctg gct cag gat taa cgc tgg cgg c-3Ј; bases 19 to 43 according to the numbering system in Escherichia coli [2] ) and CBR16R1 (5Ј-cct tgt tac gac tta gtc ct-3Ј; bases 1486 to 1505) followed by the primer pair CBR16F2 (5Ј-aac acg tga gta acc tgc ccc cg-3Ј; bases 119 to 141) and CBR16R2 (5Ј-tcc ggg aac gta ttc acc gca gc-3Ј; bases 1365 to 1387). The CBR16F2-CBR16R2 PCR products were analyzed by restriction endonuclease digestions. Between 3 and 5 l (100 to 200 ng of DNA) of each PCR product was digested separately with all or some of the following restriction enzymes (GIBCO BRL, Gaithersburg, Md.): AluI, KpnI, SmaI, TaqI, EcoRI, MseI, HpaII, RsaI, HhaI, ThaI, HinfI, and HaeIII. The restriction products were then separated by electrophoresis on a 5% polyacrylamide gel and stained with ethidium bromide (11) . The RFLP patterns (the sum result for 12 enzymes) of Clavibacter and Rathayibacter species and subspecies were compared and analyzed by the method of Nei and Li (13) . The similarity coefficient (F) of strains x and y was calculated as F ϭ 2N xy / (N x ϩ N y ), in which N x and N y are the number of fragments (resulting from digestions by 12 enzymes) in strains x and y, respectively, and N xy is the number of fragments shared by the two strains. A dendrogram was derived from a cluster analysis by using the Sahn clustering method (NTSYS-pc program; Exeter Publishing, Ltd., Setauket, N.Y.). Putative restriction site analysis of 16S rDNA sequences. Putative restriction site maps for members of group I (C. michiganensis) were generated by using the DNASTAR program MapDraw option. Sequences of C. michiganensis subsp. tessellarius (U96181) and nebraskensis (U96182) determined in this study and other sequences of C. michiganensis subsp. sepedonicus (U09764), michiganensis (D45059), and insidiosus (D45051) acquired from the GenBank database were analyzed to identify the restriction recognition sequences for HaeIII and HhaI. Putative maps were aligned manually to determine whether distinct restriction sites were present in each subspecies.
DNA extraction. Strains of Clavibacter and Rathayibacter were grown in RSD broth (5). A 5-ml volume of each culture was centrifuged. The pellet was resuspended and incubated for 1 h at room temperature in TEN buffer (10 mM Tris, 6 mM NaCl, 1 mM EDTA [pH 8.0]) containing 4 mg of lysozyme per ml. The extraction then proceeded according to the procedure for preparation of genomic DNA from bacteria as described by Ausubel et al. (1) . The bacterial nucleic acid was resuspended in 50 l of TE buffer (10 mM Tris, 1 mM EDTA [pH 8.0]). A 1-l volume of diluted (1:30) nucleic acid preparations was used for the PCR assay.
RESULTS AND DISCUSSION
Two universal primer pairs were designed to prime the amplification of 16S rDNA sequences from members of the genera Clavibacter and Rathayibacter. The primer pair R16F0-CBR16R1 primed the amplification of 16S rDNA sequences from DNA samples extracted from all 10 Clavibacter and Rathayibacter species and subspecies but not from any other prokaryotes tested (data not shown). An approximately 1.5-kb fragment was amplified with this primer pair, and an approximately 1.3-kb fragment was amplified in the nested PCR with the primer pair CBR16F2-CBR16R2 (Fig. 1) .
Phylogenetic analysis of nearly full 16S rDNA for 11 (6 of them were sequenced in the present study) species and subspecies of Clavibacter and Rathayibacter and several related bacteria produced 30 equally parsimonious trees differing slightly in terminal branch length or order; one of these trees is shown in Fig. 2 . The representative members of the two genera form a discrete monophyletic clade, paraphyletic to a Corynebacterium sp. Within the Clavibacter-Rathayibacter clade, four major phylogenetic groups (subclades) with a total of 10 distinct taxa, i.e., (I) C. michiganensis subspp. nebraskensis, insidiosus, michiganensis, sepedonicus, and tessellarius; (II) C. xyli subspp. cynodontis and xyli; (III) R. iranicus and R. tritici; and (IV) R. rathayi, were recognized. The constituent members of the first three groups form a monophyletic group which are paraphyletic to R. rathayi. R. iranicus and R. tritici are phylogenetically closer to members of the genus Clavibacter than to R. rathayi. The similarities of 16S rDNA sequences between two distinct taxa within the same group and between two groups ranged from 92 to 99% and 86 to 90%, respectively. RFLP analyses of nested PCR products (1.3 kb) (amplified with the CBR16F2-CBR16R2 pair) from Clavibacter and Rathayibacter delineated distinct pattern types (Table 1; Fig.  3A ). Similarity coefficients (F) derived by RFLP analysis among the members of Clavibacter and Rathayibacter ranged from 0.49 to 1.00 (Table 2) . Among or between strains within a given subspecies the F values ranged from 0.97 to 1.00; among or between subspecies within a given species, the F values ranged from 0.90 to 0.97; between species within the genus Clavibacter or Rathayibacter, the F values ranged from 0.74 to 0.83 and from 0.49 to 0.50, respectively. It is interesting that the F values between R. tritici and species within the genus Clavibacter were 0.80 (with C. michiganensis subspp. isidiosus and tessellarius) and 0.65 (with C. xyli subsp. cynodontis) whereas the F values between R. tritici (and R. iranicus) and R. rathayi were 0.49 and 0.50. Based on the 16S rDNA RFLP similarity coefficients, R. tritici and R. iranicus are more closely related to the Clavibacter species than to R. rathayi.
A best-fit dendrogram was obtained by cluster analysis of the similarity coefficients (Fig. 4) . This analysis revealed that the 10 phytopathogenic coryneform bacterium species and subspecies formed two main clusters, with R. rathayi strains forming one cluster and the four species R. tritici, R. iranicus, C. xyli, and C. michiganensis forming another cluster. The two clusters were further divided into four major groups (16S rRNA groups): (I) C. michiganensis, (II) C. xyli, (III) R. tritici and R. iranicus, and (IV) R. rathayi. The first major group (I) could be further recognized as being composed of five subgroups: (IA) C. michiganensis subsp. michiganensis, (IB) C. michiganensis subsp. nebraskensis, (IC) C. michiganensis subsp. tessellarius, (ID) C. michiganensis subsp. sepedonicus, and (IE) C. michiganensis subsp. insidiosus. The second major group could be divided into two subgroups: (IIA) C. xyli subsp. xyli and (IIB) C. xyli subsp. cynodontis. The third major group could be divided into two subgroups: (IIIA) R. tritici and (IIIB) R. iranicus. Thus, 10 distinct Clavibacter and Rathayibacter 16S rDNA RFLP patterns (representing 4 major 16S rRNA groups and 10 subgroups) were delineated collectively through analyses of 16S rDNA with 12 restriction enzymes (Table 1) . However, in practice, the combined use of two key restriction enzymes, HaeIII and HhaI, for analysis was sufficient to differentiate among species and subspecies. The differentiation could also be accomplished by analysis of the putative restriction site of 16S rDNA sequences. Distinct putative restriction sites were present in each subgroup of 16S rRNA group I (members of C. michiganensis). The sizes of the bands obtained by restriction enzyme digestion corresponded to those generated by putative restriction site analysis of 16S rDNA sequences (Fig. 5) .
In this study, extensive RFLP analyses of 16S rDNA sequences were used as a means to assess the phylogenetic relationships among 10 phytopathogenic coryneform bacteria. Groups or subgroups delineated by this approach have been shown in this and other studies to coincide consistently with the clustering delineated by phylogenetic analysis based on 16S rDNA sequence data (6, 11) . The groups and subgroups of the 10 phytopathogenic coryneform bacteria delineated by extensive RFLP analyses of 16S rDNA sequences in the present study were consistent with established species and subspecies that were originally assigned to one genus, Clavibacter, by Davis et al. (5) or more recently to two genera, Clavibacter and Rathayibacter, by Zgurskaya et al. (23) . Zgurskaya et al. (23) recently reclassified some members of the genus Clavibacter (5). These members, along with six other coryneform bacteria, were placed in a new genus, Rathayibacter, based on unique cell wall composition and DNA-DNA homology data. However, based on our analyses of 16S rRNA gene sequences, R. tritici/R. iranicus and R. rathayi belonged to two separate phylogenetic groups; R. tritici and R. iranicus were clustered with C. xyli and C. michiganensis. Therefore, in contrast to the recent reclassification based primarily on phenotypic properties (23), we suggest that R. tritici/R. iranicus and R. rathayi should be assigned to two separate genera. We further suggest that the other distinct cluster (group II), composed of C. xyli subsp. xyli and 
